To assess the feasibility of the sulla [Sulla coronaria (L.) Medik] forage legume in a new agroecosystem, its host-specific symbiotic interaction needs to be taken into account. This study aimed to investigate the effects of inoculation and nitrogen (N) fertiliser on productive performances and N-fixation ability of sulla established in a new habitat within a Mediterranean agropastoral area. Sulla plants, previously inoculated (with peat-based, liquid inoculants, and using soil from an existing sulla field) and unfertilised or N fertilised were evaluated in Sardinia (Italy). During 2013-2014, sulla plants were sampled at four growing stages, from vegetative stage to seed set, and shoot length, shoot dry matter (DM) yield and N content were monitored. Moreover, atom% 15 N isotopic excess, proportion of N derived from the atmosphere and fixed N of sulla shoots were quantified. Inoculation and N fertilisation both affected growth, DM and N yields, and N-fixation of sulla. Compared to the best inoculated treatment, the DM yield and fixed N of the control only represented 10 to 22% and 2 to 11%, respectively. Nitrogen fertilisation caused temporary decreases in the N fixing ability of sulla. Results pointed out that rhizobial inoculation is essential for the exploitation of sulla outside its traditional cropping area.
Introduction
Forage and pasture legumes represent basic components of production systems and should be fully exploited for their important functions and benefits, in order to meet the demand for sustainable cropping systems (Rochon et al., 2004; Frame, 2005; Sinclair and Vadez, 2012) .
The short-lived perennial legume sulla [Sulla coronaria (L.) Medik] syn. Hedysarum coronarium L. (Choi and Ohashi, 2003) is native to the Mediterranean basin, where it is widely grown as a rainfed biennial forage crop in several countries. It is a nonbloating legume with remarkable adaptability to drought-prone and marginal environments and is used for hay, silage and as a pasture plant, because of its great forage value and versatility Borreani et al., 2003; Sulas, 2005) . Peculiar characteristics of sulla forage deal with its high quality and beneficial concentrations of condensed tannins, which can contribute to improvement in animal health, thus limiting inputs of synthetic chemicals (Bonanno et al., 2011; Piluzza et al., 2013) . New varieties of sulla have been released in Australia, Italy and Tunisia, and several papers also documented the significant genetic potential (Yates et al., 2006; Ruisi et al., 2011; Cordoba et al., 2013; Annicchiarico et al., 2014; Issolah et al., 2014) . Sulla has a valuable capacity to improve soil fertility and to fix atmospheric nitrogen (N) (Sulas et al., 2009; Saia et al., 2016) . Moreover, sulla has an important role in multifunctional agriculture (Sulas, 2005) , whereas interesting features of its biomass that could support the production of biofuels are recently noticed .
The successful performance of a legume depends on the presence of specific N-fixing root nodule bacteria (rhizobia) in the soil and a suitable matching of both plant and bacterial genotypes is required for the development of an effective N-fixing symbiosis (Howieson, 1999) .
Legumes inoculation and fertilisation practices may significantly affect systems sustainability (Cazzato et al., 2012) . In fact, legume inoculation could be essential to assure adequate nodulation and N-fixation when planting in areas where the crop have not been grown before and/or to optimise legume yields by the selection of superior N-fixing strains capable of more effective symbioses (Amarger, 2001; Herridge et al., 2002) .
Sulla is involved in a host-specific nitrogen-fixing symbiotic interaction with Rhizobium sullae (Vendramin et al., 2002) . It was reported that sulla cultivation away from its natural habitat requires inoculation to ensure adequate nodulation, because of the absence of compatible natural populations of rhizobia (Casella et al., 1984; Thami-Alami and El Mzouri, 2000; de Koning et al., 2010; Fitouri et al., 2012) . The strain WSM1592 of R. sullae, isolated from nodules recovered from S. coronaria in Sardinia, is highly effective at fixing N, and it is the commercial sulla inoculant strain produced in Australia (Yates et al., 2015) . It is a peatbased inoculant and just imported and available in Europe, representing a novel and valuable opportunity for farmers aimed at extending the cultivation area of the sulla crop. On the contrary, the ancient method for its inoculation (called assullamento in Italy and performed by mixing seeds with soil samples, containing root nodule bacteria, from fields where sulla was already present) and the only sporadic availability of liquid inoculants proved to be unable methods for supporting the extension on large scale of sulla cropping in new environments and countries. In fact, the transportation of soil particles from existing sulla crops was limited to adjacent or very close fields, whereas the main disadvantage of a liquid inoculant deals with the impossibility of its storing, due to the fast dissecation and subsequent high mortality of bacteria. Regarding legume N fertilisation, it is still a controversial issue. Several Authors referred on the use of starter N coupled with legume inoculation at sowing. However, Namvar et al. (2012) concluded that N fertilisation as a starter can be beneficial to improve growth, development, physiological traits and total yield of inoculated chikpea (Cicer arietinum L.). On the contrary, Di Paolo et al. (2015) stated that N fertilisation was not a determining factor for faba bean (Vicia faba L.) performances. Chemining'wa et al. (2007) also concluded that it was not necessary to apply starter N for several inoculated grain and forage legumes. Voisin et al. (2002) pointed out that nitrate availability in the soil ploughed layer was shown to inhibit both initiation and activity of symbiotic N-fixation in pea (Pisum sativum L.). On the other hand, a farm survey, for estimating the N surplus (using the method proposed by Simon and Le Corre, 1992) in Sardinian dairy sheep farms, evidenced improper but substantial N fertilisation applications on perennial forage legumes that were based on farmer empirical observations . Therefore, it is important to investigate the effect of nitrate exposure not only on the productive performances of sulla crop but also on its N-fixation ability. Knowledge on recorded performances and peculiar agronomic traits of sulla specifically in the Mediterranean context is required to assess the feasibility of the sulla crop extension to new areas of cultivation. This enables informed decisions on agricultural landscape management with the aim of exploiting productive and environmental benefits from this legume and increasing the sustainability of Mediterranean cropping and farming systems.
The main objective of this research was to assess the effects of inoculation and inorganic N fertilisation on growth, productive performances, and N-fixation ability of sulla crop when introduced in a new area of cultivation outside its traditional cropping environment.
Materials and methods

Locations, experimental design and crop management
The research was carried out during 2013-14 in a private agropastoral farm (Villanova Monteleone municipality, 40°49′74″N, 8°28′14″E, elevation 357 m a.s.l.) located in North Sardinia (Italy). The area is characterised by extensive agro-pastoral systems, typical of North Sardinia and similar semi-arid areas of the Mediterranean basin. Main land use is represented by the traditional Sarda dairy ewe farming with pasture as primary feeding source. Natural pastures could be occasionally fertilised, and/or ploughed for the establishment of annual forage crops.
The soil, classified as Lithic Xerorthents (Soil Survey Staff, 1999) , has neutral pH (7.2) and loamy texture with adequate contents of nitrogen (2‰), phosphorous (29 ppm), organic matter (3.9%), and organic carbon (2.2%). Moreover, the soil has been left uncultivated for the last 40 years, and sulla crop was never sown either in the farm either in the surrounding area or was present as spontaneous plant. The sulla crop was established in September 2013, after soil ploughing and seedbed preparation at a sowing density of 300 seeds m -2 . Before sowing, soils was fertilised with 100 kg ha -1 of P2O5 and sulla seeds were surface sterilised by immersion in ethanol 90%, rinsed in sterile distilled water and allowed to dry. Considering the aim of the experiment and to avoid contamination risk among inoculation treatments, sulla Sardinian ecotype was manually sowed in 15 m length spaced rows (1.0 m apart). Each plot consisted of three sulla rows.
The following inoculation techniques plus an un-inoculated control were compared: i) PE1, inoculation with the current Australian commercial inoculant strain for sulla (Rhizobium sullae, group C, strain WSM 1592), which was kindly provided by the Department of Agriculture and Food of Western Australia at the recommended rate; inoculation was performed using a peat-slurry inoculant as described by Yates et al. (2010) ; ii) PE2, as PE1, but applied at a double rate; iii) LIQ, using a liquid inoculant for sulla applied to sulla before sowing, kindly supplied by University of Sassari, Department of Agricultural Sciences, Microbiology Section, who also isolated the strain; iv) SOI, the ancient inoculation method for sulla (assullamento) by mixing seed with soil from a field where sulla is usually grown and/or native; v) CON, un-inoculated control, i.e., sulla seed kept un-inoculated and sowed before other treatments to avoid contaminations. Additional rows were also sowed with Avena sativa L. (oats) at a rate of 180 kg ha -1 .
The above mentioned inoculation treatments exactly correspond to the inoculation techniques that are actually available from farmers. Moreover, each plot was split into two subplots: a subplot was fertilised in November, to minimise the risk of N leaching, with ammonium nitrate fertiliser at a rate of 100 kg ha -1 of N (N100), and a subplot was left unfertilised (N0). The experimental design consisted of a split-plot with inoculation factor in main plot and N fertilisation in subplot and three replications.
In the same experiment, the N-fixation ability of sulla crop was estimated by the 15 N isotopic dilution method (Unkovich et al., 2008) , using oats as non-fixing reference species (NFS). For sulla and oats, enriched 15 N fertiliser (10 atom% 15 N enriched ammonium sulphate) was applied to a 3 m 2 (1 m x 3.0 m) area at a rate of 4 kg N ha −1 at seedling emergence. The 15 N-enriched fertiliser was diluted in water and uniformly hand-sprayed at a rate of 1 L m -2 to allow a uniform distribution in the soil profile. Plant emergence was recorded one week after sowing and it was regular. Across the subsequent season, representative shoot samples (30 cm length) within the 3 m 2 15 N labelled area along the row containing plants were cut in late winter, early, mid and late spring, respectively, at 140, 170, 200 and 240 days after sowing. The four sampling dates corresponded to the following morphological stages of development for individual sulla stems: 1 (mid vegetative), 2 (late vegetative), 3 (flowering), and 8 (seed set), as codified by Borreani et al. (2003) . Fresh shoots were weighted and then oven-dried at 60°C until constant weight and dry matter (DM) content was calculated. Dry sub-samples of shoots were ground finely enough to pass through a 1 mm mesh and submitted by dry combustion to elemental analyser isotope ratio mass spectrometry at the laboratory IsoAnalytical Limited (Cheshire, United Kingdom) to determine both N content (%N) and the atom% 15 N.
Calculations
Nitrogen yield (kg N ha -1 ) was calculated by multiplying DM yield (kg ha -1 ) per its N content (%). The proportion of N derived from the atmosphere (%Ndfa) in sulla shoots was calculated according to the 15 N isotopic dilution method (Warembourg, 1993) using the following equation:
Eq. 1 where atom% 15 N excess = (atom% 15 N sample−atom% 15 N N2 air) and atom% 15 N of air N2 = 0.3663.
The amount of N fixed (Nfix) by sulla was than computed:
Eq. 2
Statistical analysis
The effect of inoculation techniques (inoculation), N fertilisation rates (fertilisation), and the interaction inoculation x fertilisation on plant height, DM yield, %N, total N, atom% 15 N excess in the aerial DM, %Ndfa, fixed N, were tested using PROC MIXED in SAS (version 9.02 SAS Institute, Cary, NC, USA). The analysis of variance was conducted separately within date of sampling, considering inoculation and fertilisation as fixed factors. Block and interactions with blocks were treated as random factors. The degrees of freedom were determined based on the Kenward-Roger method. Least squares means for inoculation, fertilisation, and interactions were separated by the SAS PDIFF option. All differences were considered significant at the 0.05 probability level.
Results
During the year 2013-14, annual rainfall exceeded 600 mm and was about 10% higher compared to the climatic mean; temperatures slightly differed from the long-term values.
Across the different sampling dates, the statistical analysis showed significant differences caused by inoculation and fertilisation on several examined parameters, as described thereafter.
Plant height
In the first sampling date, the average plant height was 34 and 42 cm for N0 and N100 plants, respectively, whereas it reached 123 and 130 cm at the last cut in late spring (Table 1 ). In the first sampling, there was a significant inoculation x fertilisation interaction for height (Table 1 ) and plants were significantly taller for N100 than for N0 on CON and LIQ.
Plant height significantly differed between N0 and N100 for LIQ and CON in the second sampling and for CON only in the third sampling. Moreover, plant height of CON and LIQ in N0 was significantly lower than the remaining treatments. In the third sampling, plant height of SOI and PE2 in N100 was significantly higher than the remaining treatments and, again, plants were significantly taller for N100 than for N0 on CON. The statistical analysis did not show significant differences at the fourth sampling.
Shoot dry matter
Across all samplings, DM yield was significantly affected by inoculation and fertilisation and, at the third sampling, the interaction of the inoculation × fertilisation was also significant (Table 2 ). In the first sampling, SOI and PE2 yielded 2.3 and 1.7 t ha -1 , significantly higher than remaining treatments; DM significantly differed between N0 and N100 for LIQ and CON and for CON in the first and second sampling, respectively. In the third and fourth sampling, DM significantly differed between N0 and N100 for SOI and PE1 and for SOI, respectively; however, DM from CON and LIQ in N100 was significantly lower than the remaining treatments. It is worth noting that, within N0, DM of CON only represented about 21, 22, 10 and 11% of the best inoculated treatment in the first, second, third and fourth sampling, respectively. Fertilisation produced considerable gains in DM yield of CON that was three-fold as high in N100 as in N0 in the first and second sampling, respectively. SOI and PE1 (third sampling date) and SOI (fourth sampling date) were positively affected by N100 fertilisation (Table 2) .
Shoot nitrogen content (%)
At the first sampling, %N was significantly affected by both inoculation and fertilisation (Table 3) . Under both N0 and N100, the N content of SOI, PE1 and PE2 was significantly higher than LIQ and CON. Within N0, N content of SOI was twice as high as the value of CON. Compared to N0, N100 treatment significantly increased N content of LIQ and CON by 40 and 67%, respectively.
In the second sampling, N content was significantly affected by inoculation and showed the greatest value for PE2, SOI and LIQ treatments, and the lowest for CON. On average, the N content reached 2.5 and 2.3% in N0 and N100, respectively, at the third sampling date, than, in the last sampling, decreased to about 1.8%, as average of both N0 and N100, evidencing no effects from the studied factors compared to earlier stages.
Nitrogen yield
Nitrogen yield was significantly affected by inoculation for all the considered dates of sampling. The treatment CON was always the lowest, except for the second sampling date within N100 (Table 4 ). In the first sampling, N100 significantly increased N yield of LIQ and CON. It worth noting that, within N0, N yield of CON represented only 10, 18, 12 and 10% of the best inoculated treatment in the first, second, third and fourth sampling, respectively, indicating that N yield markedly decreased without inoculation. However, N yield of the CON within N100, represented in the same order 60, 73, 38, and 32% of the best inoculated treatment, showing that, at the first and second sampling date, fertilisation was more efficient in increasing N yield by partially substituting for the atmospheric N. 
Article
Atom% 15 N excess
At the first sampling, atom% 15 N excess ranged from 0.0143 to 0.1350 in SOI (N0) and LIQ (N100), and there was a significant interaction between inoculation and fertilisation (Table 5) . Atom% 15 N excess did not significantly differ between N0 and N100 for PE1 and PE2. However, for SOI, LIQ, and CON, atom% 15 N excess was significantly higher for N100. Under both N0 and N100, the atom% 15 N excess of SOI, PE1 and PE2 were significantly lower than LIQ and CON.
At the second sampling, atom% 15 N excess was significantly affected by both inoculation and fertilisation. On PE1, N100 treatment was significantly higher than N0. Under N0, the atom% 15 N excess of CON was the highest.
During the last two samplings, atom% 15 N excess was significantly affected by fertilisation only, with significant but slight increases for PE1. On average, atom% 15 N excess for N0 ranged from 0.023 to 0.012, and 0.008 to 0.004, in the third and fourth sampling, respectively, indicating a progressive reduction across the season. At each sampling date, the atom% 15 N excess values in oats used as NFS (data not reported) were always higher than in sulla.
Nitrogen derived from the atmosphere (%)
The %Ndfa was significantly affected by inoculation and fertilisation during the first two sampling dates (Table 6 ). In the first sampling, N100 significantly reduced %Ndfa of SOI, PE2 and LIQ (Table 6 ) and, within both N0 and N100, the Ndfa value of SOI, PE1 and PE2 were significantly higher than LIQ and CON. In the second sampling, N100 significantly reduced %Ndfa of PE1 and, again, CON showed the lowest value. In the third sampling, no significant differences were found and a substantially increase in the %Ndfa was noticed for SOI. During the fourth sampling, %Ndfa was significantly affected by fertilisation and N100 significantly reduced %Ndfa of PE1.
Fixed nitrogen
Fixed N was significantly affected by inoculation across all samplings and was always higher for SOI, PE1 and PE2 treatments than for LIQ, and CON, except for LIQ (second sampling) and PE1
[ (fourth sampling) within N100 (Table 7 ). In the first sampling, N100 significantly reduced fixed N of SOI and it reduced again fixed N of SOI and PE2 in the second sampling. Within N0, fixed N of CON only represented about 4, 2, 11 and 10% of the best inoculated treatment in the first, second, third and fourth sampling, respectively.
Discussion
Effects of inoculation and nitrogen fertilisation
As rhizobia are widespread according to the natural presence or cultivation of legumes, it is essential to assure adequate crop nodulation and N-fixation in new cultivation areas and/or where legumes have not been grown before, by the supplying of the bacterial microsymbionts to the legume (Amarger, 2001; Date, 2001; Deaker et al., 2004; Howieson et al., 2005) . There is a general consensus on the mandatory inoculation for sulla grown outside the natural distribution area of its genus. However, few papers have reported findings from field experiments dealing with sulla inoculation in new areas of cultivation. Our research allowed for elucidating detailed effects caused by inoculation and N fertilisation on agronomic performances and N-fixation ability of a sulla crop established in a new habitat. The more evident effects caused by inoculation and fertilisation deal with wide differences in plant height and DM yield found between inoculated treatments and control. Among inoculated treatments, overall LIQ showed reduced performances compared to SOI, PE1 and PE2. However, inoculated sulla produced from three to eight fold more shoot DM than it did the un-inoculated control, confirming that inoculation is essential for an effective symbiotic relationship in a new area of cultivation. Our findings are in agreement with previous results obtained in different countries. After the introduction of sulla in Israel, Gurfel et al. (1982) carried out field inoculation experiments with effective Rhizobium strains and reported seasonal Article N0, unfertilised treatment; N100, 100 kg ha -1 of N; SOI, ancient inoculation method; PE1, peat inoculation; PE2, as PE1 but at a double rate; LIQ, liquid inoculant; CON; uninoculated control. a-d In the columns of N fertiliser applications within sampling date, means followed by the same letters are not significantly different at P<0.05 level. In the rows, LSMEANS test for N fertiliser effect on each type of inoculation. *P≤0.05; **P≤0.01; ***P≤0.001; ns, not significant. (1991) , reported that sulla forage yields were significantly increased by rhizobial treatments above those of the un-inoculated control without combined N, except in the third harvest (16 months after sowing). Moreover, the un-inoculated N fertilised control did not significantly differ from rhizobial treatments. Previous results from Sardinia highlighted that different root-nodule bacteria strains affect the performances of sulla plants in both calcareous and acid soils, pointing out the importance of the choice of the most appropriate Rhizobium strain in relation to soil type (Sulas et al., 1998) . In Western Australia, remarkable DM increases over the un-inoculated treatment were obtained when sulla was inoculated with rhizobial strains collected from Mediterranean basin (Yates et al., 1996; Ewing et al., 2001) . The N content of the inoculated and N fertilised-control (N100 CON) was not significantly different from inoculated and N0 treatments, indicating that N fertilisation was not able to increase shoot N content, whereas it happened in the fertilised un-inoculated control only. Azcon-Aguilar et al. (1982) evidenced that rhizobia successfully established in the sulla rhizosphere stimulated DM yield and plants nutrient uptake beyond that achieved by adding a standard dose of a compound N-P-K fertiliser.
Even if N-fixation is correlated with DM yield, inoculation and fertilisation clearly affected specific parameters such as atom% 15 N excess and %Ndfa that are independent from DM yield, according to the assumptions of isotopic dilution method. Atom% 15 N excess of CON was highest in the first and second sampling date. Moreover, atom% 15 N excess values were sometimes increased by fertilisation. Both results are indicative of reduced dilution of atmospheric N, caused by the absence of inoculation and the N input from fertiliser. As a results of the above mentioned high values of atom% 15 N excess, %Ndfa reached the lowest values in CON in the first and second sampling date, with a strong reduction of the proportion of N derived from fixation. However, this reduction was not maintained in the third and fourth sampling date when %Ndfa of CON reached about 80 and 90%, as average of N0 and N100, very close to the values observed in the inoculated treatments. The %Ndfa increase in CON could be explained by a late contamination between CON and inoculated treatments determined by wild boar excavations on the plots that occurred at the end of winter. This has favoured a late N-fixing activity in CON, as also revealed by variation in atom% 15 N excess. Due to that contamination, and considering that in the adjacent large field un-inoculated sulla plants completely died just after the third sampling, the late performances for DM yield and fixed N recorded in unfertilised and un-inoculated control could be presumably overestimated.
Moreover, N100 fertilisation significantly decreased %Ndfa due to increased level of mineral N in the soil at the time of first sampling. In fact, soil nitrate level may affect symbiotic N-fixation due to inhibitory action on nodule initiation and delay of N-fixation. A negative linear relationship between N rate and % Ndfa has been reported for legumes species, such as white clover (Trifolium repens L.), pea (Pisum sativum L.) and Lotus japonicus, when plants received fertiliser N at sowing (Mac Duff et al., 1996; Waterer and Vessey, 1993; Voisin et al., 2002; Omrane and Chiurazzi, 2009) . In addition, the use of starter doses of N fertiliser aimed at alleviating N deficiency symptoms during legume early growth is still a disputed issue, regarding the balance between actual benefits and possible nodulation reduction (Van Kessel and Hartley, 2000) . Except for PE1, fertilisation did not affect %Ndfa at the third and fourth sampling dates. This trend can be caused by the progressive reduction of soil nitrate availability at the end of the sulla growth cycle, as reported for pea (Voisin et al., 2002) , and it is also in agreement with field experiment results indicating a short-term inhibition of pea N-fixation after N application (Naudin et al., 2010) . Finally, inoculation always affected fixed N, whereas fertilisation in the first and second sampling only. As fixed N depend on DM, %N, atom% 15 N excess and %Ndfa, the low values recorded for CON at the third and fourth sampling, when %Ndfa increased, were mainly determined by the lowest DM yields. In Israel, Gurfel et al. (1982) evidenced seasonal changes in N2 (C2-H2)-fixation activity under field conditions. Unfortunately, N-fixation results obtained with acetylene reduction assay by Gurfel et al. are not directly comparable with our results, based on the isotopic dilution method. Few papers have focussed on sulla N-fixation (Sulas et al., 2009; Saia et al., 2016) and, to the best of our knowledge, no other information is available regarding N-fixation studies by isotopic method within field experiments dealing with the inoculation of the sulla crop with current commercial strains. Recent investigations rather deal with diversity of rhizobia nodulating sulla, selection of inoculant strains, molecular phylogenetic analysis, strain fingerprinting and species identification, extracellular polysaccharides produced by R. sullae strains (Muresu et al., 2005; Fitouri et al., 2012; Liu et al., 2012; Razika et al., 2012; Aliliche et al., 2016) . However, these studies document increasing interest in the symbiotic interaction of sulla and great potential for the selection of high efficient Rhizobium strains for sulla inoculation in different environmental contests. Overall, our data indicate an effectiveness of the commercial inoculant in order to extend the cultivation of sulla crop in a new habitat, where plant growth is not allowed without a proper inoculation. Unfortunately, comparisons with other results from similar experiments are difficult due to the overall lack of information for southern European conditions. Even if the need of inoculation is a well-known issue in sulla crop, the large scale availability of a peat based commercial inoculant, specifically developed for sulla, is a very recent option and our research also documents its potential impact.
Implications and potential benefits for the farming system and environment
Sulla crop is commonly used to enhance productivity and sustainability of semi-arid farming systems and low-input agriculture by the enrichment of soil organic matter and N (Ruisi et al., 2011; Bouajila et al., 2014) . Sulla features are coupled with its well known and appreciated agronomic role as pioner plant in poor and degraded soils, and as a key species for the control of soil water erosion risk, re-vegetation and conservation programmes. Soil organic carbon (SOC) positively affects several important soil properties and functions, varing among environments and management systems. C sequestration via agricultural soils is strongly correlated with the adopted cropping systems and has a potential to significantly contribute to climate change mitigation (Huber et al., 2001; Lazzerini et al., 2014) . As regard Mediterranean conditions of North Sardinia, Seddaiu et al. (2013) evidenced that a light tillage (every 2-5 years as for sulla crop) did not strongly affect SOC accumulation in topsoil, and dejections from grazing sheep can limit the negative long term impact of tillage on SOC sequestration, due to organic matter inputs. Experimental observations on mixtures grassland species evidenced that the legume N-fixation and the efficient use of N by companion grasses favour the development of the belowground biomass and, therefore, soil C and N inputs (Fornara and Tilman, 2008) . Total soil N is associated with SOC and plays a key role in building soil fertility and enhancing soil productivity. Francaviglia et al. (2014) total soil N levels were highly correlated and previous studies carried out in Sardinia highlighted the positive input of N-fixation as soil N source (Sulas et al., , 2016 . Therefore, the amounts of fixed N estimated from this study are presumably able to positively affect total soil N and consequently SOC, taken into account the conservative contest associated with the sulla crop. Moreover, other inputs such as biomass residues, root turnover from both sulla crop and unsown non legumes species which benefit fixed N can, directly or indirectly, lead to positive effects on SOC (Francaviglia et al., 2014) . Compared to previous estimates, the values of fixed N reported in this study are high (Sulas et al., 2009) . Total absence of diseases on sulla plants, which has been observed in the new environment of cultivation, can contribute to partially explain the overall better performances. The sulla N balance may be affected by crop use, which could include several management and biomass removal options such as grazing, grazing plus hay cutting, green manuring, etc. However, our results confirm that sulla can be a relevant N source for rainfed Mediterranean cropping systems. Previous results also evidenced positive effects of grazing sulla forage on ewe milk production (Sulas et al., 1995; Di Grigioli et al., 2012) and the complementary grazing of sulla resulted useful for improving the nutrition and performance of sheep basically fed on grassland (Molle et al., 2008) . Moreover, the milk of condensed tannin exposed ewes grazing sulla at flowering was high in beneficial ω3 fatty acids ) and other results confirm that sulla fresh forage exerts an antioxidant activity (Di Trana et al., 2015) . The high nutritive value of sulla forage and its beneficial level of condensed tannins are reported to be associated to bloat save, faster growth rates in young sheep, increased protein use efficiency of rumen, and decreased gastrointestinal parasite infection, nitrogen restitution and methane production in ruminants (Woodward et al., 2002; Ramirez-Restrepo and Barry, 2005; Molle et al., 2009) . Therefore, it is clear that important benefits for farming systems and environment can arise from the proper inoculation and successfully establishment of sulla and its inclusion into the existing forage system. Finally, considering a novel land use option, specifically linked with bioenergy crops and bio-based products, which are nowadays very important in North Sardinia, where an important Southern Europe biorefinery is located (Centi and Perathoner, 2012) , it is reasonable to state that the establishment of the sulla crop in an uncultivated pasture may lead to a more conservative land management compared with the establishment of conventional bioenergy crops. According to Amato et al. (2016) , sulla crop should be also considered in meantime a promising bioenergy options at least for some specific energetic route and destination and/or a valuable crop option for increase the sustainability of bioenergy crops.
Conclusions
Research evidenced that inoculation is necessary in order to extend the cropping of sulla in a new habitat where it is absent as spontaneous or cultivated legume plant. Specific results demonstrated that inoculation and N fertilisation both affected growth, DM and N yields, and N-fixation ability of the sulla crop. Minor differences were detected among the inoculation techniques actually available for farmers (i.e., peat-based and liquid inoculants, and soil). On the contrary, DM yield and fixed N values of the uninoculated and unfertilised control only represented 10 to 22% and 2 to 11%, respectively, of the best-inoculated treatment. Nitrogen fertilisation caused temporary decreases in the proportion of N derived from the atmosphere and fixed N of sulla, so reducing its N fixing ability.
Overall, results pointed out that inoculation of sulla with selected rhizobial strains represents a strategic tool for the full exploitation of this precious and multipurpose Mediterranean legume outside its traditional cropping area. Finally, the potential benefits for the sustainability of the farming system and for the environment, which are associated with the successfull inclusion of the sulla crop, should be carefully taken into account.
